ABSTRACT. Hyperglycemia in fetal sheep has been shown to increase the fetal metabolic rate. Fetal venous glucose infusion was performed in eight late gestation, chronically catheterized fetal lambs to assess any changes in substrate uptake by the ovine uterus and conceptus. Fetal glucose infusion (1 1.9 f 0.6 mg glucose. kg-'. min-') caused a stable increase in fetal plasma glucose concentration approximately 3-fold above baseline. The fetal glucose entry rate increased from 6.6 f 0.7 to 9.3 f 0.6 mg.kg-'. min-' by day 3 of infusion (p < 0.01) despite a net umbilical glucose excretion during the period of fetal hyperglycemia. Due to a concomitant increase in fetal oxygen consumption, no change in fetal glucose/02 quotient was observed. A significant relationship was noted (p < 0.02) between the fetal glucose entry rate and the rate of fetal oxygen consumption. Fetal glucose infusion caused a decrease in uterine glucose uptake as well. No changes were observed in calculated net placental glucose uptake although the relative fetal contribution increased from net placental exit to fetus to a placental uptake amounting to 20.8 f 5.8% of the total placental glucose uptake ( p < 0.01). Although no changes in fetal lactate concentration occurred, both maternal and fetal lactate entry rates increased, the magnitude of increase being significantly related to fetal glucose concentration. Both maternal and fetal insulin concentrations rose during the period of fetal hyperglycemia and were related to the respective increases of maternal or fetal substrate uptakes but not to fetal oxygen consumption. These studies suggest that glucose induces significant stimulation of fetal oxidative metabolism and that fuel needs during this period are met by accelerated fetal glucose entry as well as accelerated placental production of lactate. Superimposed hypoxemia during these circumstances might be expected to have a greater effect on fetal oxygenation and pH than during normoxemic circumstances. (Pediatr Res 19: 659-666, 1985) Abbreviations f, umbilical blood flow (ml. kg-'. min-') F, uterine blood flow (ml -min-') glu, glucose concentration (mgldl) lac, lactate concentration (mM) ala, alanine concentration (mM) Common abnormalities in human infants of diabetic mothers include gross fetal macrosomia and visceromegaly with attendant postnatal hyperinsulinemia and hypoglycemia (1, 2). Autopsied infants of diabetic mothers have shown evidence of significant pancreatic islet hyperplasia (3, 4) to support the hypothesis that excesses in maternal-fetal ducose transfer are responsible for fetal pancreatic islet stimulation and subsequent signs of fetal insulin excess. However, some features shared by fetuses of severely diabetic mothers such as an increased late stillborn rate and a poor ability to tolerate labor have not been adequately explained by the mechanism of excessive substrate transfer. Previous information obtained from chronically catheterized fetal sheep has suggested that fetal glucose infusion is associated with stimulation of fetal oxygen consumption (5) and subsequent arterial hypoxemia. Severe fetal hyperglycemia in this model causes metabolic acidosis and fetal demise (6). Since less severe hyperglycemia appears to stimulate fetal oxidative metabolism, the goals of the current study were to characterize the alterations in substrate uptake and production by the pregnant ovine uterus and contents before and during chronic defined fetal glucose infusions.
A, maternal distal aorta V, uterine vein a, fetal distal aorta v, umbilical vein 0. entrv rate or excretion rate L r " CV-~, uterine venoarterial concentration difference Cv-a, umbilical venoarterial concentration difference QO2, oxygen consumption Common abnormalities in human infants of diabetic mothers include gross fetal macrosomia and visceromegaly with attendant postnatal hyperinsulinemia and hypoglycemia (1, 2). Autopsied infants of diabetic mothers have shown evidence of significant pancreatic islet hyperplasia (3, 4) to support the hypothesis that excesses in maternal-fetal ducose transfer are responsible for fetal pancreatic islet stimulation and subsequent signs of fetal insulin excess. However, some features shared by fetuses of severely diabetic mothers such as an increased late stillborn rate and a poor ability to tolerate labor have not been adequately explained by the mechanism of excessive substrate transfer. Previous information obtained from chronically catheterized fetal sheep has suggested that fetal glucose infusion is associated with stimulation of fetal oxygen consumption (5) and subsequent arterial hypoxemia. Severe fetal hyperglycemia in this model causes metabolic acidosis and fetal demise (6) . Since less severe hyperglycemia appears to stimulate fetal oxidative metabolism, the goals of the current study were to characterize the alterations in substrate uptake and production by the pregnant ovine uterus and contents before and during chronic defined fetal glucose infusions.
METHODS
Surgical preparation. Eight pregnant ewes were studied between 120-140 days of gestation. Term gestation in the sheep is approximately 150 days. Three ewes had twin gestations and the remainder singletons. In twin preparations, only one twin was catheterized. After preoperative sedation (intravenous pentobarbital) and anesthesia (intrathecal pontocaine), polyvinyl chloride catheters were im~lanted via a hvsterotomv incision. Catheters were placed in the' maternal distai aorta and uterine vein of the pregnant uterine horn and in the fetal distal aorta, common umbilical vein, and inferior vena cava. An amniotic space catheter was inserted for instillation of antibiotics postoperatively. All catheters were then tunnelled sucutaneously to a pouch on the ewe's flank for further sampling. All ewes were treated postoperatively as previously described (7) during a 4-to 5-day recovery period. 
6. Fetal glucose/oxygen quotient a) resting state: (C, ) glucose (mM) x 6 GI02 = (C, )O2 (mM) b) during glucose infusion:
Experimental protocol. During a 2-day control period samples were drawn simultaneously from maternal aortic, uterine venous, fetal distal aortic, and umbilical venous catheters twice daily. Whole blood concentrations of glucose, lactate, alanine, and oxygen were obtained. In addition, plasma concentrations of glucose and insulin were obtained from the maternal and fetal arterial catheters. Uterine and umbilical blood flows were estimated using the antipyrine steady state diffusion method (8). The Fick principle was then applied in calculation of basal uptakes of glucose, lactate, alanine, and oxygen across the uterine and umbilical circulations (Table 1) . Uteroplacental glucose and oxygen uptakes during the control period were calculated as the difference between the glucose or oxygen uptakes from the uterine and umbilical circulations, respectively (9) .
At the conclusion of the Zday control period, fetal glucose infusion was begun using the fetal vena caval catheter calculated to deliver 12.5 mg glucose kg-' -min-I to each fetus by means of precalibrated syringe pumps (Orion Research Products, Cambridge, MA; Hamard Apparatus, Millis, MA). Infusions of 50% glucose in sterile water resulted in delivery volumes of between 3 and 6 ml/h and lasted for 72 h. Beginning 24 h after the commencement of glucose infusion, venoarterial sampling across both uterine and umbilical circulations was performed twice daily for reassessment of the uptakes or entry rates of glucose and oxygen during hyperglycemial as well as any alterations in circulating insulin concentrations. Uptakes of lactate and alanine were measured at 24 and 72 h of infusion to decrease the total blood volume withdrawn.
Although oxygen consumption and the entry (or exit) rates of lactate and alanine in the experimental period could be calculated as during control, calculation of the fetal &, (Table I) required calculation of the sum of the glucose infusion rate, the product o f f and the C,.@, and an additional factor to account for the rate of glucose accumulation in amniotic fluid. However, serial sampling of amniotic fluid during glucose infusion detected only small changes (increments of (5 mg. dl-'. day-'). Assuming an average amniotic and allantoic fluid volume for the sheep of 1 liter, (1 0) the value for this factor would be 0.1 % of the glucose ' The term entry rate will be substituted for uptake or consumption when applied to the substratesglucose, lactate, or alanine since the ultimate fate of these substrates was not determined in the present study. infusion rate. This factor was considered negligible and was not considered further in the calculation of glucose entry rate.
Similarly, during the period of hyperglycemia, a portion of the placental glucose entry was derived from the umbilical circulation (i.e. net glucose exit from the umbilical circulation). Therefore, the placental glucose entry rate equaled the sum of the contributions from both uterine and umbilical circulations, calculated as the product of their respective flows and arteriovenous glucose concentration differences (equation 4, Table 1 ).
In addition, since in most cases significant placental lactate production was apparent with net lactate entry from placenta into uterine and umbilical circulations, the conventional venoarterial differences (equation 5) have been utilized to describe net placental lactate exit rates.
Glucose and lactate/oxygen quotients were calculated using formulas 6 and 7 ( Table 1) .
Because of the difficulty in estimating the fetal growth rate per day during fetal hyperglycemia, data related to umbilical substrate uptake and oxygen consumption were calculated arbitrarily on a per kilogram basis using the initial (control) estimated fetal weight. Fetal weight at the onset of the control period was estimated from the breeder's dates and fetal lamb growth curves for singleton and twin lambs accumulated in our laboratory. At the conclusion of the study protocol in each preparation, fetal weight was obtained at sacrifice or delivery. Calculations of substrate uptake or delivery were based on control fetal weight extrapolated from known delivery weight. Although fetal lamb weight increases by 2-4%/day in late gestation (I I), no comparable increase in umbilical glucose uptake occurs with growth after 120 days gestation (12) . Thus, any observed increase in umbilical glucose uptake during the 5-day periods of expeirmentation would not be expected solely on the basis of advancing gestational age. To corroborate this observation, four fetuses of similar gestational age were used as noninfused controls. Samples were obtained 5 days apart from the appropriate fetal vascular catheters and analyzed for blood flow, Oz content, glucose concentration, and calculations of fetal oxygen consumption and umbilical glucose uptake. Lactate uptake was not studied in these fetuses.
Biochemical methods. Whole blood glucose concentration was assayed in duplicate by means of the glucose oxidase technique (1 3) with prior deproteinization with barium hydroxide and zinc sulfate. Plasma glucose concentrations were assayed with a simplified glucose oxidase technique (Beckman Instruments, Palo Alto, CA). Whole blood lactate concentration, also measured in duplicate, was assayed using the enzymatic method of Olsen (14) . Whole blood alanine concentration was also measured enzymatically (I 5) using alanine dehydrogenase. Blood samples for lactate and alanine were first deproteinized with 5.1 % perchloric acid and then centrifuged. The supernatants were then stored at -70" C until time of batch assay. Whole blood oxygen content was measured using the Lex-02-Con (Lexington Instruments, Waltham, MA), which was calibrated daily using distilled water saturated with oxygen at 0" C. Blood for oxygen content analysis was withdrawn into capillary tubes pretreated with sodium fluoride. Plasma arterial insulin concentrations were measured in triplicate using a modified insulin radioimmunoassay (7) with a double antibody separation technique. Ovine insulin standards were used in the assay (supplied by Mary A. Root, Ph.D., Eli Lilly Research Laboratory, Indianapolis, IN). Blood for insulin assay was withdrawn into chilled test tubes containing 10 U heparin each, centrifuged, and the supernatant stored at -70°C for later analysis. Antipyrine concentration from duplicate plasma samples was determined using a Technicon Autoanalyzer (Technicon Instruments, Tarrytown, NY).
Statistical methods. All results are expressed as mean 2 SEM. Statistical significiance was assessed with aid of the paired Student's t test and two-way analyses of variance. Linear regression analysis was performed using the least squares method.
RESULTS
trol value of 232 k 7 ml. kg-'. min-I. The calculated net fetal glucose entry rate rose from 6.6 & 0.7 mgkg-l.min-I (19.6 f 3.4 mg-min-I) to 9.3 f 0.6 mg.kg-I-min-' (33.5 + 4.0 mg. min-I) by day 3 of infusion (p < 0.01). Glucose entry rates on days 1 and 2 of infusion were elevated above baseline, but not significantly so due to interanimal variation.
As reported elsewhere ( 3 , fetal glucose infusion resulted in a fall in distal arterial oxygen content with significant increases in the umbilical venoarterial oxygen content difference as well as fetal QO2. Fetal Qo2 rose from 8.1 + 0.4 ml-kg-I .min-I to a maximum value of 10.6 & 0.3 ml.kg-'.min-' by day 3 of infusion ( Table 2) . Because of the concomitant elevations in fetal glucose entry rate and oxygen consumption, no changes were noted in G / 0 2 from the basal value of 0.54 f 0.05 during hyperglycemia. In contrast, no changes in umbilical glucose uptake or oxygen consumption were noted in the four uninfused fetal lambs (G.: 7.5 +. 1.8 to 6.1 k 1.5 m g kg-I-min-I and Q02:
Nine separate glucose infusions were performed in the eight fetal lambs. Results of the second glucose infusion in one animal are included in the pooled data as they were statistically similar to results obtained in other preparations (black circles, Figs. 2-4). Fetal glucose infusion resulted in a sustained elevation in plasma arterial glucose concentration from the basal value of 26.0 k 1.9 to 58.8 k 3.7 mg/dl (p < 0.001, Fig. 1, Table 2 ).
Recalculation of the glucose infusion rates with fetal weights extrapolated from known delivery weights yielded a mean infusion rate of 1 1.9 f 0.6 mg glucose. kg-' . min-I. Umbilical venoartenal glucose concentration difference, initially +2.5 f 0.2 mg/dl, fell during glucose infusion, the decrements being significant at each day of infusion (p < 0.01). The data showing negative umbilical venoarterial glucose differences indicated net fetal glucose exit on days 2 and 3 of infusion representing 30.5 and 16.3% of the glucose infusion rate, respectively. Umbilical blood flow during hyperglycemia was unchanged from the con- Despite the exit of glucose from the umbilical circulation during fetal hyperglycemia, no significant alterations in maternal glucose concentrations were observed (Table 3) . However, the uterine venoarterial glucose concentration difference did fall (from 3. showed a decrement in uterine glucose uptake as well, statistical significance was not achieved. Table 4 presents the available data regarding placental glucose entry and lactate excretion in preparations where both the uterine and umbilical circulations could be studied simultaneously. Net placental glucose entry during hyperglycemia as calculated from the formula in Table 1 showed no change from the basal value of 39.8 + 10.7 mg. min-' (22 1.6 k 59 rmol. min-I). However, the relative fetal contribution to placental glucose uptake was increased from over the entire infusion period. This value changed from a net placental excretion to the fetus in the control period and amounted to 22% of the total Q,,, during fetal hyperglycemia when the data were pooled 0, < 0.01).
Fetal lactate concentrations measured during hyperglycemia were not significantly elevated above control although a trend was evident toward an increase in umbilical venous lactate concentration. However, the umbilical venoarterial lactate concentration differences did rise significantly by 24 h (Table 2) . Calculated fetal lactate entry rates and L/Oz quotients were significantly elevated during hyperglycemia, both rising 3-to 4-fold above baseline. The increase in umbilical lactate entry was related linearly to the fetal plasma arterial glucose concentration as shown in Figure 3A . No changes in maternal blood concentrations of lactate from the pooled data were noted although a trend toward increasing net uterine lactate excretion was noted. As shown in Figure 3B , however, a linear relationship was apparent between increasing fetal plasma glucose concentrations and increasing uterine lactate excretion into the maternal circulation.
Placental lactate production, calculated as the sum of umbilical lactate entry and uterine lactate excretion, rose from a control * +/ (Table 4) . As shown in Figure 4 , this rise in net placental lactate production was related to the degree of fetal hyperglycemia produced. It should be noted that the mean value for control placental lactate production was negative (Fig. 4) because of a significant negative control uterine lactate excretion rate (net uterine lactate uptake from the maternal circulation) in one preparation (closed squares, Figs. 3 and   4 ). Calculated placental lactate production as a fraction ofglucose uptake (ratio of lactate production to glucose entry in pmol.
min-' x 2) rose from control (net placental lactate uptake, p < 0.01) and in the pooled data represented greater than 100% of glucose available for lactate production (Table 4) . No changes in fetal alanine concentrations or uptakes were noted during fetal hyperglycemia. Fetal control alanine uptake was 5.18 & 2.03 pmol. kg-' .min-I (19.03 + 7.31 pmol-min-I).
Neither maternal alanine concentrations nor uterine uptakes from the maternal circulation were altered by fetal hyperglycemia. Uterine alanine uptake was 1.49 + 3.85 pmol . kg-' -min-I (8.36 k 12.48 pmol .min-I). The uterine and umbilical alanine uptake were not significantly different from each other.
Fetal plasma arterial insulin concentrations (Table 2 ) rose significantly during fetal glucose infusion and remained elevated throughout the experimental period. The elevations in insulin concentration, although variable, were linearly related to the degree of fetal hyperglycemia produced. As shown in Table 5 , the elevations in plasma insulin were related to increases in umbilical entry rates of glucose or lactate as well as their sum. No relationship was noted between fetal insulin concentrations and fetal oxygen consumption during hyperglycemia. In addition, stepwise linear regression analysis of fetal insulin concentration and fetal glucose entry versus fetal oxygen consumption failed to note improved correlation over the relationship between glucose versus oxygen consumption entry alone.
Maternal arterial plasma insulin concentrations rose during fetal hyperglycemia (Table 3 ) despite unchanged arterial glucose concentrations. Decrements in uterine uptake of glucose from the maternal circulation, however, were directly related (r = 0.59, p < 0.0 1, Table 5 ) to the degree of elevation in maternal insulin concentrations.
DISCUSSION
Chronic fetal hyperglycemia is one of the numerous chemical abnormalities noted in assessment of the pregnant diabetic woman (1 6, 17). Although other abnormal metabolic findings, such as episodic elevations in maternal blood concentrations of amino acids, fats, and ketone bodies occur, (16) (17) (18) (19) ) the development of significant maternal hyperglycemia appears to be a cardinal, and usually longstanding event. Although past work has been done in animals to assess the fetal metabolic alterations induced by experimental maternal diabetes (20, 21) , little has been done to investigate the fetal responses to chronic elevations of glucose concentration in the absence of other maternal metabolic derangements. Using a chronically catheterized fetal sheep preparation, fetal glucose infusions have been shown to induce a state of relative arterial hypoxemia in the lamb without significant changes in either the maternal milieu or that of a simultaneously sampled but noninfused twin (6) . Severe fetal hyperglycemia can result in fetal hypoxia with consequent metabolic acidosis and fetal demise (22) .
Recently, it has been demonstrated that the observed glucoseinduced hypoxemia in fetal sheep is due to an acceleration in the rate of fetal oxygen consumption (5), an indicator of the fetal metabolic rate (23) . Glucose infusion of such magnitude to treble the fetal blood glucose concentration induced a 30% increase in fetal O2 consumption, primarily due to an increased efficiency of oxygen extraction from umbilical venous blood. Mild but significant elevations in preplacental arterial pco2 were noted, and were linearly related to the increase in fetal O2 consumption, suggesting an increase in carbon dioxide production due to the glucose-induced acceleration of the fetal metabolic rate (24) . The current study documents the alterations in delivery of major fetal substrates during the period of experimental hyperglycemia.
In the present study, controlled fetal glucose infusion induced an increase in the calculated fetal glucose entry rate of approximately 40% by the 3rd infusion day. In the fetal lamb as well as the human, a clear correlation exists between maternal and fetal blood glucose concentrations (25, 26) . Net umbilical glucose uptake in the sheep has been shown to be related closely to this maternofetal glucose concentration gradient (26) . Elevation of fetal plasma glucose concentration to 60 mg/dl in the current experiments would be similar to that found at maternal plasma glucose concentrations of 150-200 mg/dl (26) . Studies in human adults have also documented a significant correlation between rate of glucose delivery and rate of glucose utilization (27, 28) and, thus, fetal hyperglycemia, whether due to fetal glucose infusion or maternal hyperglycemia might be expected to produce stimulation of the fetal glucose utilization rate.
Although net fetal glucose entry rates during control or experimental periods in the current work are different from the actual fetal rates of glucose utilization, Hay et al. (29) have shown with radio tracer techniques, that significant correlation is apparent between the two. Since actual glucose utilization occurs at a rate somewhat in excess of exogenous glucose entry in the fetal lamb, significant endogenous glucose production is suspected. In addition, although hyperglycemia inhibits endogenous hepatic glucose production in the adult (27) , a relative insensitivity to suppression of glucose production by glucose infusion has been observed in the neonate (30) . The above studies would suggest that observed glucose entry rates in the current fetal study mirror, but probably underestimate the actual fetal glucose utilization rate.
Under steady state conditions, the glucose/oxygen quotient may be used as an indicator of the quantity of substrate available to account for fuel used in oxidative metabolism (23) . Although stimulation of fetal oxygen consumption occurred during fetal lamb glucose infusion, no change in the fetal G/02 was observed. Thus, even if all glucose taken up were accounted for as oxidative substrate, accelerated uptake of other substrates must also have occurred.
Lactate uptake and utilization by the fetal lamb are now welldocumented phenomena (23) . Lactate utilization could account for up to 25% of the fetal consumption of oxygen in the resting state. Although the control umbilical lactate uptakes in the current work were similar to those measured by Sparks et a1 (3 l) , the L/02 of 0.12 was somewhat lower than those measured by others (23, 31) . The reasons for this discrepancy are unclear but may represent a smaller sample size or differences in assay technique.
Placentas of several mammalian species (3 1-35) have been shown to produce significant quantities of lactate under aerobic conditions. Several investigators have shown in fetal sheep studies that the ovine placenta excretes lactate into both fetal and maternal circulations under normoxemic steady state conditions, with the umbilical circulation receiving a relatively larger fraction of placentally derived lactate (9, 31, 34 ). In the current study, during hyperglycemia conditions, placental lactate production increased with concomitant elevations in both maternal and fetal lactate entry rates despite no increase in either placental oxygen consumption or glucose entry. Although the apparent contribution of glucose to placental lactate production exceeded the calculated rate of placental glucose entry, it must be pointed out that a great deal of interanimal variability was present, making estimates of the ratio of production to uptake of lactate inexact. Since placental oxygen consumption was unaltered during hyperglycemia (3, the data may be interpreted to indicate that a portion of the net placental lactate production rate during hyperglycemia may have been derived from nonglucose (i.e. amino acid) substrates. However, no changes in either uterine or umbilical alanine uptakes were noted. Alternatively, fetal hyperglycemia may have caused a significant shift away from the use of glucose as a placental fuel in favor of other potential placental substrates (36) .
Some precedent exists for the concept of substrate-induced stimulation of placental lactate production. Although hyperglycemia was not induced in the study by Sparks et al. (31) , it is interesting to note that in spontaneously hypoglycemic pregnant sheep, both placental glucose consumption and lactate production were decreased from those in normoglycemic sheep. Although Holzman et al. (32) could find no relation between glucose uptake and lactate production among term human placentas, Villee (35) demonstrated that the absence of media glucose markedly decreased lactate production by the human placenta. In addition, recent evidence for transplacental facilitated diffusion for lactate now exists (37) . Thus, it would appear that placentally derived lactate is a significant fuel in fetal life and that under normoxemic circumstances fetal hyperglycemia induces an acceleration of placental lactate production with consequent increased fetal uptake. Although individual organ uptakes of lactate have not been measured, in vitro work (38) noting stimulation of hepatocyte respiration with a variety of substrates, including lactate, suggests that the contribution of fetal liver to ducose-induced fetal metabolic stimulation mav be significant. The combined G/Oz and L/02 quotients exceided 1 .OO during ovine fetal hyperglycemia and indicates significant conversion~of glucose and lactate to other substrates.
Experimental fetal hyperglycemia was associated with a decrease in the uterine glucose uptake, similar to the results of Simmons et al. (39) . This occurred without significant alteration of the net placental glucose uptake. The placental entry rates for glucose from the fetus increased from a net fetal entry from placenta to 22% of the total placental glucose uptake (net fetal exit to placenta). Anand et al. (40) have documented bidirectional placental glucose transfer in sheep but it is unclear from the present study whether or not uterine glucose uptake decreased because of increased net fetomaternal glucose transfer, decreased placental utilization of maternal glucose, or both.
Fetal glucose infusion induced both fetal and maternal hyperinsulinemia. Significant evidence in adults is available to corroborate the view that excesses of substrate delivery can induce a state of temporary acceleration of the metabolic rate (41) (42) (43) (44) . The relative contributions of substrate versus insulin excess in the induction of metabolic stimulation, however, have been difficult to determine. Changes in maternal and fetal insulin concentrations were directly related to their respective glucose entry rates, but fetal insulin levels were consistently more variable than maternal levels. Significant relationships were apparent between the degree of fetal hyperinsulinemia and the elevation in fetal lactate entry rate, as well as glucose, but not between insulin concentration and fetal oxygen consumption.
Exogenous fetal insulin infusion has been shown to cause increases in glucose and oxygen uptake in fetal lambs (45, 46) . It is possible that the contribution of endogenous insulin secretion to acceleration of substrate and oxygen uptake may have been obscurred due to variability in insulin concentrations previously noted ( 5 , 6 ) or because of the relatively modest degree of fetal hyperinsulinemia produced. Alternatively, information from experiments in adult humans (27) suggests that rate of glucose infusion may be of greater importance than insulin concentration in determining tissue glucose uptake. Further work using / 3 cell suppression during hyperglycemia would be necessary to investigate this question further. Unlike the fetus or ewe, placental glucose uptake was not stimulated by fetal or maternal hyperinsulinemia, corroborating work in several mammalian species in vitro (35, 47) . The data suggest, however, that a relatively larger percentage of the observed rate of placental glucose uptake could be accounted for by placental lactate production.
In summary, chronic fetal glucose infusion induced a state of accelerated fetal metabolism with a significant increase in the fetal glucose entry rate. Fetal hyperglycemia stimulated placental lactate production without increasing placental glucose uptake and induced enhancement of both fetal and maternal lactate uptakes. Fetal lactate may become an increasingly important oxidative substrate in the normoxemic but hyperglycemic fetal lamb.
